ABSTRACT: Photoinduced charge transfer from an indium tin oxide (ITO) contact into [6, 6 ]-phenyl-C61-butyric acid methyl ester (PC 60 BM) and [6, 6 ]-phenyl-C71-butyric acid methyl ester (PC 70 BM) is measured. For both, chargetransfer peaks are observed for a series of excitation energies below the absorption edge. If charge transfer is blocked using a tunnel barrier or an applied electric field, then the peaks disappear. The observed transitions are similar to those predicted by theoretical calculations of the absorption spectra for negatively charged C 60 and C 70 chains. This observation suggests that charge transfer occurs preferentially at the polaronic transition energies, providing a new means for polaronic state spectroscopy.
-phenyl-C61-butyric acid methyl ester) is a fullerene derivative commonly used in organic solar cells as an electron acceptor due its high electron affinity and relatively strong absorbance in the visible region. 1 In organic solar cells, electron transfer to the PCBM occurs following dissociation of photoexcited electron−hole pairs. 2 On the basis of calculations for isolated C 60 molecules 3 and fullerene chains, 4 it can be concluded that electrons transferred to the PCBM will be stored in a polaronic state. The polaron is the bound state of a charged soliton and a neutral soliton, 5 and is the primary charged species in organic solar cells. 6 Polaron formation is accompanied by the creation of two additional energy levels inside the optical gap. Experimental verification for the existence of polarons comes in part from the observation of optical features brought about by these midgap states. 5 For fullerenes, this includes sub-band-gap peaks in the lowtemperature luminescence of C 60 films 7 and sub-band-gap photoinduced absorption features in both C 60 8 and PCBM. 9 However, because subgap optical peaks can be caused by a number of effects, the identification of the polaronic transitions should ideally correlate subgap features with charge transfer to the fullerene.
Here we present the results of a capacitive photocurrent (CPC) spectroscopy technique that is able to detect the appearance of subgap optical transitions directly associated with charge transfer. Optical excitation of the PCBM causes electron transfer from an underlying ITO substrate into the PCBM. The charge transfer is detected by measuring the CPC appearing on a floating probe contact. Peaks are observed in the CPC below the absorption edge of the PCBM. These peaks can be attributed to the subgap transitions appearing in the negatively charged polaronic state. The results show that excitation at the polaronic transition energies promotes both charge transfer and the formation of the polaronic state.
■ EXPERIMENTAL METHODS
Sample Preparation and Characterization. 80 nm thick ITO-coated glass slides were purchased from Sigma-Aldrich. The slides were ultrasonically cleaned in acetone, IPA, and DI water and then annealed at 45°C for 30 min. Eighteen mg of 99.9% pure PC 60 BM and PC 70 BM was purchased from SigmaAldrich dispersed in 1 mL of ortho-dicholorobenzene and subjected to magnetic stirring at room temperature for 48 h. The solution was then drop-cast onto the cleaned ITO slides. Samples were dried overnight at room temperature and then soft-baked at 45°C for 15 min, after which they were loaded into an optical cryostat, which was evacuated prior to measurements. Tunnel barriers were formed using 99.9% pure LiF purchased from Sigma-Aldrich and deposited with electron-beam evaporation. The thickness was determined using a piezoelectric thickness monitor calibrated through atomic force microscopy of previously deposited LiF films. Optical characterization was done at room temperature using a Spectra-Physics optical parametric amplifier (OPA) pumped by a 130 fs pulsed Ti:sapphire laser with a repetition rate of 1 kHz. The excitation energy was tunable from 0.4 to 4 eV. The laser power was kept constant at 5 mW, and the laser spot diameter was ∼3 mm. The photocurrent between the ITO and ground was amplified using a DL Instruments current amplifier, and the 1 kHz signal was detected using a lock-in amplifier synced to the laser pulse stream. Optical absorbance measurements were made using a Perkin-Elmer Lamda 950 UV/vis/NIR spectrophotometer.
Measurement Technique. Photoinduced charge transfer across an ITO/PCBM interface was detected using the CPC measurement setup shown in Figure 1A . 10, 11 PC 60 BM or PC 70 BM was drop-cast onto an ITO coated glass slide, which was affixed to a copper block inside an evacuated optical cryostat. A current amplifier was connected between the ITO layer and the copper block, and the ac photocurrent was monitored as the ITO/PCBM interface was exposed to light from a tunable pulsed laser source. The difference in electron affinities combined with charged interfacial states produced a built-in potential at the PCBM/ITO interface, which allowed for the separation of optically generated electron−hole pairs. If an optical pulse generated mobile charge Q 1 , which separates a distance d 1 across the interface, this temporarily raised the potential of the ITO electrode by approximately V = Q 1 /C 1 ∝ Q 1 d 1 , where C 1 is the capacitance between the PCBM and the ITO. A small amount of charge Q 2 ≈ Q 1 (d 1 /d 2 ) was drawn through the current amplifier, where d 2 is the distance between the ITO and the copper block, to maintain equilibrium with the copper block. In our measurements, the signal detected by the current amplifier was in the pico-amp range for a laser power of 5 mW (∼10 16 photons/s) and a glass slide thickness of d 2 = 10 −3 m. Taking reasonable estimates for the charge-separation distance (d 1 = 10 −9 m) and the photon-to-charge conversion efficiency (0.1%), pico-amp level photocurrents were predicted by the previous equation. Figure 1B shows the effect of applied bias on the charge transfer. The majority of the applied DC voltage drops across the insulator separating the ITO and copper block. However, fringing electric fields are also present through the ITO/PCBM interface, which can either enhance or block the charge separation depending on the polarity of the applied bias. Positive bias on the copper block with respect to the ITO enhances electron flow into the PCBM (as shown in Figure 2B ), while negative bias blocks the electron flow.
Theoretical Calculations. Density functional theory (DFT) calculations were performed in the generalized gradient approximation (GGA) of Perdew−Burke−Ernzerhof (PBE) 12 for exchange and correlation, as implemented in the Vienna ab initio simulation package (VASP).
12−14 A Hubbard U term was added to the GGA scheme (GGA+U) as a many-body correction to overcome the underestimation of electronic correlation due to the approximate nature of the exchangecorrelation functionals. 15 The U value chosen was U = −17.0 eV. This GGA+U method was used to calculate the band structure, density of states (DOS), and optical properties. The projected augmented wave (PAW) potential 13, 14 was used to describe the core electrons. After testing for convergence, a 6 × 1 × 1 gamma-centered pack was settled on for k-vectors sampling. A kinetic energy cutoff of 550 eV was found to be sufficient to achieve a total energy convergence of the energies of the systems to within 1 meV. Gaussian smearing of 0.05 eV was chosen to accelerate electronic convergence. The optimization of atomic positions (including full cell optimization) was allowed to proceed without any symmetry constraints until the force on each atom was <5 meV/A. The optical spectra were obtained by calculating the imaginary part of the complex dielectric function from the matrix elements of the position operator between occupied and unoccupied states within the spin-polarized GGA+U method, as implemented in VASP. The allowed transitions were determined by the nonzero matrix elements of the position operator. The C 60 and C 70 systems considered consisted of linear polymeric chains and were fully optimized without any symmetry constraints using the GGA+U scheme. These systems were studied in their neutral as well as charged states. The addition of electrons resulted in structural distortions when compared with their pristine states. The bandgap for the C 60 linear chain in the neutral state was obtained to be 1.5 eV, while the bandgap for the C 70 linear chain was found to be 0.57 eV. Figure 2A shows the CPC as a function of input photon energy for PC 60 BM drop-cast on an ITO-coated glass slide. The signal is normalized by dividing the photocurrent (in electrons/s) by the number of photons/s. Two clear peaks are observed at 1.5 and 0.7 eV, together with a smaller feature at 1.0 eV. For comparison, Figure 2A also shows the normalized optical absorbance of the PC 60 BM/ITO sample, measured using a standard absorption spectroscopy system (Varian Cary 50 UV− vis spectrophotometer). An absorption edge is observed at 1.74 eV corresponding to the PC 60 BM S 1 transition. 16 For higher energies, there is a continuous increase in the absorbance, while below this point, PC 60 BM shows little absorbance. The gradual increase in signal observed below 1.0 eV is due to free carrier absorbance, and reflection by the ITO and is typical for ITO films.
■ RESULTS AND DISCUSSION
17,18 Figure 2B shows the CPC spectrum and absorbance spectrum for a PC 70 BM/ITO sample. Similar to the PC 60 BM results, two strong peaks are observed below the absorption edge, although the peak positions for the PC 70 BM (1.3 and 0.73 eV) differ from the PC 60 BM sample.
To demonstrate that charge transfer is necessary to observe the CPC signal, we performed measurements on samples containing an insulating layer separating the PC 60 BM and ITO. Figure 3A shows the capacitance photocurrent as a function of wavelength for samples in which a LiF layer was deposited on top of the ITO prior to depositing the PC 60 BM film. LiF is a high-bandgap semiconductor commonly used as an insulator in organic photovoltaics. 19 When the thickness of the LiF layer increases, the CPC signal drops as the charge transfer is blocked. Figure 3B ,C shows the magnitude of the CPC signal measured at the 1.5 and 0.7 eV peaks as a function of insulator thickness. The current drops off exponentially with LiF thickness, as would be expected for Fowler−Nordheim tunneling through an insulating barrier. 10, 20 We next consider the influence that charge transfer has on the PCBM absorbance spectrum. It is known that the addition of charge to PCBM results in a lattice deformation of the PCBM structure. This combination of lattice deformation and charge forms quasi-particles called polarons and gives rise to new optical transitions within the forbidden bandgap. 21 To illustrate, Figure 4 shows the absorption spectra for charged and uncharged linear polymeric chains of C 60 and C 70 calculated using first-principle DFT. The solid red line shows the k y polarized absorption, while the dashed black line shows the k x polarized absorption. In the neutral state, the band edge for absorption in the C 60 chain occurs at ∼2 eV ( Figure 4A ). With the addition of one electron, two new k y polarized absorption peaks appear below the band edge at 1.2 and 1.8 eV ( Figure 4B ). With two added electrons, the dominant transition in both k x and k y polarizations appears near 0.5 eV, well below the neutral band edge ( Figure 4C ). Similar subgap features are observed for the charged C 70 chain ( Figure 4D ). With the addition of one electron, an extra peak appears in the k x polarized absorbance near 1.0 eV ( Figure 4E ), while the addition of a second electron results in a peak appearing at 0.69 eV ( Figure 4F) .
From the calculation it is clear that negatively charged PCBM has additional subgap absorbance features not observed in the neutral system. For the CPC measurement to detect these features, there must be sufficient energy available for charge transfer between the ITO and PCBM to occur. This energy can be supplied by an applied electric field or by heating from the laser pulse. As shown in Figure 1B , applied bias produces an electric field at the ITO/PCBM interface, which can aid or block the flow of charge depending on the polarity. Figure 5A shows the CPC spectrum of PC 60 BM on ITO measured with DC bias of 0 (red dots), −5 (blue dots), and −10 V (black dots). Increasing negative bias causes the signal to drop, indicating that the charge transfer from the ITO into the PC 60 BM is being blocked. The inset shows the magnitude of the 0.7 eV CPC signal as a function of bias. There is a threshold bias of approximately −10 V, below which no signal is observed. With increasing positive bias, the signal increases and eventually saturates. This asymmetric bias dependence shows that negative charge injection from the ITO into the PCBM is necessary for the subgap peaks to appear. The saturation in the signal at positive bias indicates that once the negative charge is able to move freely into the PCBM, the total signal is limited by the number of available photons. Figure 5B shows the bias dependence of the 0.7 eV peak measured for a second sample. A similar bias dependence is observed, with the signal turning on for positive biases above a threshold voltage near zero volts. The value for the threshold voltage clearly varies between the two samples, and its value presumably depends on the concentration of charge trapped at the ITO/PC 60 BM interface. Figure 5C shows the bias dependence of the 1.5 eV subgap peak, and it looks very similar to the bias dependence of the 0.7 eV peak. For both below-gap peaks, a positive threshold voltage is needed for the CPC signal to be observed. Figure 5D shows the bias dependence of the above gap signal measured at 3.10 eV excitation. Here the signal appears for both forward and negative bias (although the dependence is not completely symmetric). This shows that both positive or negative charge transfer are possible in generating the above gap features.
The previously described bias dependence indicates that a threshold energy is required for the charge-transfer process to occur. A similar threshold can be observed in the variation of the below-gap signal with incident laser power. Figure 6A shows the below-gap signal measured at 0.7 eV as a function of increasing laser power. Measurements are done for a series of different values for the applied bias. At +13 V (blue line), the power dependence is approximately linear, showing that the CPC signal is due to a single photon absorption process. At lower bias, there is a threshold power below which no photocurrent is observed. Once the power increases above this threshold, the photocurrent again increases approximately linearly with increasing power. Figure 6B plots the threshold power as a function of increasing bias. The threshold power is proportional to the applied bias, suggesting that the effect of increasing power is equivalent to raising the bias or electric field at the PCBM/ITO interface. The resulting increase in thermal energy of the electrons in the ITO effectively increases the potential across the PCBM/ITO interface, making charge transfer more likely to occur.
This suggests a possible explanation for the below-gap features in the CPC measurement. Exposure to the highpowered laser thermalizes the carriers in the ITO, and this thermalization combined with built-in or applied electric field transfers charge into the PCBM in a Fowler−Nordheim-type tunneling process. This forms the PCBM polaronic state, making available the charged subgap transitions. The chargetransfer process is enhanced when the excitation energy equals the polaronic transition energies because this opens up lowenergy states for occupation by the ITO electrons. The result is a series of peaks in the CPC at energies corresponding to the PCBM polaronic transition energies. Figure 6C gives a model band diagram showing the chargetransfer process. The potential barrier qφ between the ITO and PCBM is the energy difference between the Fermi energy in the ITO and the lowest excited charged state in the PCBM and is equivalent to the energy required for negatively charging the PCBM. An electric field, F, at the ITO/PCBM interface results in a potential drop across the PCBM bands. The tunnel current is then equal to approximately I = αe
, where α is a proportionality constant. 10, 20 This formula was used to fit the bias dependence of the photocurrent shown in Figure 5B ,C, assuming a constant voltage drop across the PCBM. As can be observed, the simple model provides a good fit to the data. The results suggest that excitation at the polaronic transition energies promotes both the charge transfer that causes the polaron to form and the optical excitation of the charged polaronic state. The formation of the polaron also requires sufficient thermalization of the carriers in the ITO, as suggested by the threshold observed in the power dependence.
■ CONCLUSIONS
CPC measurements have been performed on PCBM/ITO interfaces to detect the photoinduced electron transfer into the PCBM. Peaks are observed in the photocurrent below the absorbance edge of the PCBM. These peaks disappear when a LiF barrier is introduced between the PCBM and the ITO, demonstrating that the features correspond to charge transfer across the interface. Bias-dependence measurements show that the peaks are present only when the field at the interface encourages the transfer of negative charge into the PCBM. The features also require that the laser power be above a biasdependent threshold value to be observed. Charge transfer to PCBM results in the formation of a polaron, with the appearance of additional midgap states. The results here then suggest that charge transfer to the PCBM is maximized for excitation energies at the midgap optical transitions. The CPC method provides a strategy for mapping out the polaronic energies in organic systems.
